We investigated the possibility that, in hair cells mechanically isolated from frog semicircular canals, Ca 2+ that saturated the exchanger. By contrast, the same experimental protocol elicited peak exchange currents exceeding 100 pA in gecko rod photoreceptors, used as positive controls. In both cell types, we also probed the forward mode of the exchanger by rapidly increasing the intracellular Ca 2+ concentration using¯ash photolysis of two novel caged Ca 2+ complexes, calcium 2,2¢-{[1-(2-nitrophenyl)ethane-1,2-diyl]bis(oxy)}bis(acetate) and calcium 2,2¢-{[1-(4,5-dimethoxy-2-nitrophenyl)ethane-1,2-diyl]bis(oxy)}-bis(acetate), in the presence of internal K + and external Na + . No currents were evoked by UV-triggered Ca 2+ jumps in hair cells, whereas exchanger conformational currents up to 400 pA, followed by saturating forward exchange currents up to 40 pA, were recorded in rod photoreceptors subjected to the same experimental conditions. We conclude that no functional electrogenic exchanger is present in this hair cell population, which leaves the abundant plasma membrane Ca 2+ -ATPases as the primary contributors to Ca 2+ extrusion.
Abstract
We investigated the possibility that, in hair cells mechanically isolated from frog semicircular canals, Ca 2+ extrusion occurs via a Na + : Ca 2+ (cardiac type) or a Na + : Ca 2+ ,K + (retinal type) exchanger. Cells concurrently imaged during whole-cell patch-clamp recordings using the Ca 2+ sensitive¯uorescent dye Oregon Green 488 BAPTA-1 (100 mM) showed no voltage dependence of Ca 2+ clearance dynamics following a Ca 2+ load through voltage-gated Ca 2+ channels. Reverse exchange was probed in hair cells dialyzed with a Ca 2+ -and K + -free solution, containing a Na + concentration that saturates the exchanger, after zeroing the contribution to the whole-cell current from Ca 2+ and K + conductances. In these conditions, no reverse exchange current was detected upon switching from a Ca 2+ -free external solution to a solution containing concentrations of Ca 2+ alone, or Ca 2+ + K + that saturated the exchanger. By contrast, the same experimental protocol elicited peak exchange currents exceeding 100 pA in gecko rod photoreceptors, used as positive controls. In both cell types, we also probed the forward mode of the exchanger by rapidly increasing the intracellular Ca 2+ concentration using¯ash photolysis of two novel caged Ca 2+ complexes, calcium 2,2¢-{[1-(2-nitrophenyl)ethane-1,2-diyl]bis(oxy)}bis(acetate) and calcium 2,2¢-{[1-(4,5-dimethoxy-2-nitrophenyl)ethane-1,2-diyl]bis(oxy)}-bis(acetate), in the presence of internal K + and external Na + . No currents were evoked by UV-triggered Ca 2+ jumps in hair cells, whereas exchanger conformational currents up to 400 pA, followed by saturating forward exchange currents up to 40 pA, were recorded in rod photoreceptors subjected to the same experimental conditions. We conclude that no functional electrogenic exchanger is present in this hair cell population, which leaves the abundant plasma membrane Ca 2+ -ATPases as the primary contributors to Ca 2+ extrusion.
Introduction
Hair cells are compact sensory receptors endowed with synaptic function. Ca 2+ ions play an essential role in hair cell functioning as localized changes of intracellular Ca 2+ concentration ([Ca 2+ ] i ), both modulate the transduction process and regulate the amplitude of the cell receptor potential (reviewed in Fettiplace et al., 2001; Gillespie & Walker, 2001) . The latter governs gating of Ca 2+ and K + basolateral conductances, ultimately controlling transmitter release at the cell cytoneural junction (Lenzi & Roberts, 1994; Rossi et al., 1994; Fuchs, 1996) . Thus, Ca 2+ homeostasis in these cells is crucial for stimulus transduction and signal transmission to ®rst-order neurons that relay sensory information to the central nervous system.
Given the relatively large Ca 2+ in¯ux through the voltage-gated basolateral Ca 2+ channels in vertebrate hair cells, a mechanism of active Ca 2+ transport across the membrane, that is a Ca 2+ -ATPase and/or a Ca 2+ exchanger, is expected to maintain Ca 2+ homeostasis together with Ca 2+ sequestration by intracellular buffers and organelles. In frog and guinea pig vestibular hair cells the presence of Ca 2+ pumps at the level of the stereocilia, removing Ca 2+ entering through the transduction channels, is well documented (Gioglio et al., 1998; Yamoah et al., 1998; Boyer et al., 2001; Dumont et al., 2001) . Somewhat less clear-cut evidence supports the presence of mechanisms extruding Ca 2+ across the synaptic pole plasma membrane. Ca 2+ pumps have been found at the basal pole of turtle cochlear and frog saccular hair cells (Tucker & Fettiplace, 1995; Yamoah et al., 1998; Dumont et al., 2001) . But a cardiac (Na + : Ca 2+ ) and a retinal-type (Na + : Ca 2+ ,K + ) exchanger have also been described in guinea pig cochlear outer hair cells (Ikeda et al., 1992) and in guinea-pig type I vestibular hair cells (Chabbert et al., 1995; Boyer et al., 1999) , respectively. This suggests that a Ca 2+ exchanger might operate in frog vestibular hair cells as well. We therefore scrutinized the possible existence of a Ca 2+ exchanger in our preparation using a combination of fast¯uorescence Ca 2+ imaging, patch-clamp recordings and UV¯ash photolysis of two novel Ca 2+ cages. Results were compared to those obtained, under the same experimental conditions, from gecko rod photoreceptors, used as positive controls. Preliminary reports of this work have been presented in conference proceedings (Martini et al., 2002; Moriondo et al., 2002) .
Materials and methods

Cell preparation and patch-clamp recordings
Hair cells were mechanically isolated from semicircular canals of the frog, Rana esculenta (Martini et al., 2000) . Before dissection, the frogs were anaesthetized by immersion in 1 g/L tricaine methanesulphonate solution and then decapitated. The head was pinned down at the bottom of the dissection chamber, and subsequently immersed in a dissection solution of the following composition (mM): 120 NaCl, 2.5 KCl, 0.5 ethylene glycol-bis(b-aminoethyl ether)N,N,N¢,N¢-tetracetic acid (EGTA), 5(N-2-hydroxyethylpiperazine-N¢-(2-ethanesulphonic acid)) (Hepes), 20 sucrose, and 3 glucose (pH 7.2). The six ampullae were isolated from both labyrinths and transferred into the experimental chamber. The hair cells were mechanically dissociated from the ampullae by gently scraping the epithelium with ®ne forceps.
Rod outer segments (ROS) were mechanically isolated from the retina of the nocturnal lizard Tokay Gecko (Rispoli et al., 1995) . All manipulations were made in the dark using infrared illumination and an infrared viewer (Find-R-Scope, FJW Optical Systems, Palatine, IL, USA). Before dissection, the geckos were dark adapted (»4 h), anaesthetized with ether and then decapitated. Both eyes were removed from the head and hemisected. The back half of the eyeball was cut into four pieces that were stored in oxygenated Ringer solution on ice and used when needed. The composition of Ringer solution was (in mM): 160 NaCl, 3.3 KCl, 1 CaCl 2 , 1.7 MgSO 4 , 2.8 Hepes and 10 dextrose (pH 7.4). The retina was peeled from an eyecup piece and was gently stretched in »200 mL of Ringer to obtain the ROS; the¯uid drop containing the ROS was then transferred to the recording chamber.
Cells were recorded using the whole-cell con®guration of the patch-clamp technique under visual control at room temperature (20± 22°C) employing Axopatch 200B (Axon Instruments, Union City, CA, USA) or EPC-7 ampli®ers (List-Electronic, Darmstadt, Germany). Data were acquired by a Digidata 1322A connected to the SCSI port of a Pentium computer running the pClamp 8.1 software package. When attempting to record reverse exchange currents, the external solution was rapidly exchanged by the horizontal displacement of a multibarrelled perfusion pipette placed in front of the recorded cell and driven by a computer-controlled stepping motor. Holding potentials (V H ) reported in this paper were corrected for the junction potential between the internal and the external solution, estimated using a dedicated routine of the Clampex 8.1 software package (Axon Instruments, Union City, CA, USA). The compositions of internal and external solutions differed for the various experimental protocols and are reported in the following subsections. The osmolality of all solutions was checked with a microosmometer (Hermann Roebling, Messtechnik, Berlin, Germany).
Ca 2+¯u orescence imaging
Fluorescence imaging of [Ca 2+ ] i was performed as previously described (Mammano et al., 1999; Rispoli et al., 2001) . Hair cells dissociated from the ampullae were plated under the microscope and continuously superfused with a Ringer solution containing 100 mM NaCl, 6 mM CsCl, 20 mM tetraethylammonium chloride (TEACl), 4 mM CaCl 2 , 10 mM Hepes, and 6 mM glucose; pH 7.2. Cells were loaded through the patch pipette with the membrane impermeant form of the Ca 2+ -selective dye Oregon Green 488 BAPTA-1 (OG) dissolved in the intracellular solution of the following composition: 92 mM CsCl, 20 mM TEACl, 2 mM MgCl 2 , 1 mM ATP K + salt, 0.1 mM GTP Na + salt, 10 mM Hepes, 0.5 mM EGTA, and 0.1 mM OG; pH = 7.2. Fluorescence images were formed on a fast (15 MHz readout rate) and cooled CCD sensor (IA-D1; DALSA, Waterloo, Ontario, Canada); the sensor's output was digitized at 12 bit/pixel by customised electronics to produce 128 Q 128 pixel images (resolution »0.5 mm/pixel) with an interframe interval of 4.1 ms (frame rate, 244 Hz). For each image pixel,¯uorescence signals were computed as ratios:
, where t is time, F(t) is¯uorescence following a voltage stimulus protocol that changes [Ca 2+ ] i within the cell and F(0) is the prestimulus¯uorescence (i.e. recorded at V H ) computed by averaging 10±20 images. Both F(t) and F(0) were corrected for mean background¯uorescence; DF/F o was smoothed with a two-dimensional 3 Q 3 median ®lter and encoded by 8-bit look-up tables to produce 256 pseudo-colour indexed images.
Reverse mode exchange current recordings
To test for the presence and type of a functional electrogenic exchanger in hair cells, the experimental protocol described in Rispoli et al. (1995) ) . No signi®cant differences were found in the recordings from hair cells and ROS when using either cation type; the external solutions were buffered at the indicated pH values using 10 mM Hepes. To assess the actual amplitude of the reverse exchange current, i exch , the raw data must be corrected for junction potential contribution as well as possible changes of leakage currents produced by different perfusion solutions. Accordingly, the following equation was used to derive i exch from the raw data:
where V J is the junction potential between each solution pair (a and b), and R a and R b the respective cell input resistances.
Flash photolysis of caged compounds
Two novel caged Ca 2+ complexes: calcium 2,2¢-{[1-(2-Nitrophenyl)-ethane-1,2-diyl]bis(oxy)}bis(acetate) and calcium 2,2¢-{[1-(4,5-dimethoxy-2-nitrophenyl)ethane-1,2-diyl]bis(oxy)}bis(acetate), synthesized by Viappiani et al. (2002) Recordings employing caged compounds were performed under dim ambient red lights. Cells on the microscope stage were illuminated with an ultrabright infrared LED (900 nm) and viewed on a TV monitor connected to a contrast enhancement camera (Till Photonics GmbH, Planegg, Germany) coupled to the microscope (TE 300, Nikon, Tokyo, Japan). To perform experiments on hair cells and ROS under the most similar conditions, both cell types were dialyzed with the same internal solution (in mM: 110 K-aspartate, 25 KCl, 10 NaCl, 5 Hepes, 6 MgCl 2 , and 4 of each caged compound; pH 7.2) and bathed with a Ringer solution of the same composition (in mM: 137 NaCl, 1.7 MgSO 4 , 1 CaCl 2 , 5 dextrose, 6 glucose, 2.8 Hepes, 6 CsCl, and 20 TEACl; pH 7.2). Each caged compound was dissolved directly into the pipette solution and used immediately. UV¯ashes were delivered after approximately three minutes of whole-cell recording (to ensure cell loading with the caged compound) using a¯ash lamp coupled to the epi¯uorescence port of the microscope (FlashMic, Rapp OptoElectronic, Hamburg, Germany;¯ash duration and intensity: »5 ms and »0.05 mJ/¯ash, respectively). These compounds, as well as their uncaged form, resulted nontoxic to the cell at the concentrations employed here, as judged by unaltered cell morphology and stable electrophysiological recordings.
All compounds, except OG and Oregon Green 488 5 N (Molecular Probes, Eugene, OR, USA), and tricaine methanesulphonate (Sandoz, Basel, Switzerland), were purchased from Sigma (Sigma Chemical Co., St. Louis, MO, USA).
Values in the text are given as mean T SEM.
Results
Response of isolated hair cells to voltage controlled Ca
2+ loads
In hair cells of the frog semicircular canal Ca 2+ current¯ows through L-and R-type Ca 2+ channels, as previously described (Martini et al., 2000) . During whole-cell recordings in which the Ca 2+¯u orescent dye OG was used to monitor ion concentration changes, voltagegated Ca 2+ entry was found to occur at selected sites (hotspots) located around the cell synaptic pole (Rispoli et al., 2001) . Figure 1 shows an example of¯uorescence response, obtained from a hair cell in the present series of experiments, following a 160-ms voltage command to ±20 mV. The height of the 3D diagram gives uorescence intensity along a medial line through the cell body (receding axis) vs. time (abscissa). During the presentation of the stimulus,¯uorescence peaked characteristically near the cell base, where the Ca 2+ channels are clustered, thereafter spreading throughout the cell body, as a consequence of diffusion, and declining due to Ca 2+ removal following buffering and extrusion. To assess whether an exchanger mediated the Ca 2+ extrusion phase, Ca 2+ clearance dynamics was further investigated.
Insensitivity of hair cell Ca
2+ concentration to after-stimulus potential changes
The rate of Ca 2+ extrusion by any exchanger working in the forward mode is accelerated by hyperpolarization (reviewed in Blaustein & Lederer, 1999) . Thus, in principle, returning the cell membrane potential to different after-stimulus values was expected to alter both tail currents and Ca 2+ clearance dynamics. This possibility was tested by stimulating the same cell twice with a 160-ms test depolarization to ±20 mV from V H = ±70 mV and returning the membrane potential to an after-stimulus value of either ±60 mV or ±120 mV (Fig. 2A) . The time-course of [Ca 2+ ] i changes were estimated by measuring the time-dependent¯uorescence (monitored concurrently to the Ca 2+ current) averaged in an 8 Q 8-pixel region of interest (corresponding to an area of 4 mm 2 in the specimen plane) superimposed over a hotspot. During the test depolarization,¯uorescence increased with no detectable lag from the onset of the Ca 2+ current, as previously found, and started to decay immediately after stimulus offset, when the Ca 2+ current began its rapid return to the prestimulus (zero) level (see also Rispoli et al., 2001) . A pool of n = 5 cells, in which a total of 13 hotspots were counted, were selected for having a stable Ca 2+ current amplitude throughout the recording. In these cells,¯uorescence decayed at stimulus offset with a bi-exponential time-course as determined by nonlinear Levenberg±Marquardt ®tting procedures. The decay timecourse was negligibly affected by the after stimulus potential (time constants: t 11 = 130 T 41 ms and t 21 = 2300 T 800 ms at ±60 mV; t 12 = 160 T 30 ms and t 22 = 2500 T 700 ms at ±120 mV; Fig. 2A ). The differences between time constants at these two voltages were not statistically signi®cant (paired t-test). A similar experiment was performed on different cells, in which the afterstimulus potential was stepped from ±60 to ±120 mV during the same recording (Fig. 2B) . Consistently with the above results, no changes in the time-course of¯uorescence signal were detected during the after-stimulus potential change (n = 4), within the sensitivity limits of our technique. An estimate of this sensitivity was derived in a separate set of experiments, where changes in¯uorescence amplitude and recovery time-course at selected hotspots were detected in response to changes of Ca 2+ loads as small as 10% (n = 17; see also Fig. 4 of Rispoli et al., 2001) . In summary, the results exempli®ed in Fig. 2 tended to rule out any signi®cant contributions to Ca 2+ homeostasis by an electrogenic exchanger. To substantiate this conclusion, we attempted to record exchange currents under conditions designed to maximize their amplitude, while excluding all other current sources.
Comparison of whole-cell current recordings from hair cells and ROS under conditions expected to activate Ca 2+ exchangers Exchange current activation was probed in patch-clamped gecko ROS (used as positive controls) and frog hair cells using the solution substitution protocol described in the Methods. As shown in Fig. 3A (left), peak exchange currents,¯owing in the outward direction and occasionally exceeding 100 pA, were recorded in ROS bathed in the Ca 2+ + K + test solution (average peak current: 66 T 9 pA, n = 23). Ca 2+ and K + ions, accumulated in the cell cytosol after a few minutes of reverse exchange activation, were enough to activate a nearly saturating forward exchange (inward) current upon returning the ROS 
FIG. 1. Spatio-temporal Ca
2+ dynamics in an isolated hair cell. Digital micrograph of the hair cell in bright ®eld and space-time plot of the OG¯uorescence; the cell was loaded with 0.1 mM OG through the patch pipette sealed to its base (see Methods). The spatial and temporal¯uorescence changes, evoked by a 160-ms depolarization to ±20 mV from a V H of ±70 mV, was measured along a 20-mm line (in blue) superimposed on the cell medial axis shown in bright ®eld image (scale bar, in black, 5 mm). Abscissa is time; surface height and colour give local¯uorescence change. The simultaneous leak-subtracted wholecell current record is shown alongside the surface plot.
to the control Na + solution. The same experimental strategy was applied to all hair cell experiments.
In a group of 12 hair cells, the holding potential was set at V H = ±70 mV to prevent the opening of the voltage-dependent Ca 2+ channels. In this group, input resistance was tested by applying a 10-mV hyperpolarization pulse from V H (10 ms pulse duration). Na + was the major cation present in the control solution whereas the test solution contained either NMG + (n = 5) or Li + (n = 7). Two test solutions were employed to probe the exchange current (see Methods for detail of solution composition): one contained 2 mM Ca 2+ alone (n = 8), whereas the other contained 2 mM Ca 2+ + 20 mM K + (n = 4). In these experiments switching from control to test solution evoked a current change, whose amplitude remained constant throughout the application of the test solution (up to 30 s). This current was not generated by electrogenic transport, as it can be accounted for by the junction potential (V J ) between the adjacent perfusion solutions and by the difference in cell input resistance found in control (4.5 T 1.1 GW; n = 12) and test solutions (7.7 T 1.8 GW; n = 12). Indeed, applying Equ. 1 and correcting for V J (NMG + ) »3.2 mV and V J (Li + ) »0, the average current change evoked by the test solution turned out to be negligible (±0.7 T 4.4 pA; n = 12).
As depolarization is expected to boost reverse exchange, a second set of 9 cells was tested at V H = 0 mV. To block the voltage-gated Ca 2+ channels, 0.2 mM Cd 2+ was added to both control and test solutions. To keep V j »0, Li + was selected as the major cation in both control and test solutions (the latter contained, as above, either 2 mM Ca 2+ or 2 mM Ca 2+ + 20 mM K + ). Again, after correcting for the cell input resistance change, no current was recorded in either one of the test solutions (Fig. 3B, left) . Note that applying external Ca 2+ at a concentration of 0.1 mM suf®ced to activate saturating reverse exchange in ROS (data not shown). Instead, no sign of reverse exchange activation was detected in hair cells exposed to external Ca 2+ concentrations as high as 2 mM (see for example Fig. 3B, left) . The negative result illustrated in Fig. 3B might be due, in principle, to unexpected (and unexplained) lack of reverse exchange activation under the above conditions. A further and direct test for forward exchange consists of dialyzing the cell with a solution containing high Ca 2+ levels (and K + , in the case of the retinal exchanger) while bathing it in a high Na + solution. When performing this experiment on ROS, a saturating forward exchange current was recorded using 20 mM Ca 2+ in the patch pipette solution. Currents were up to 30 pA in the presence of external 160 mM Na + + 1 mM Ca 2+ at V H = ±30 mV and approximately 1.6 T 0.2-fold larger at V H = ±70 mV (n = 5, data not shown; see also Rispoli et al., 1996) . Note that the [Ca 2+ ] i necessary to saturate the exchanger is approximately 50 mM, given an exchanger-Ca 2+ dissociation constant of approximately 1 mM (Perry & McNaughton, 1993) . The high Ca 2+ concentration in the pipette solution reported above was required to compensate for buffered Ca 2+ diffusion through the rod disk stack and steady state Ca 2+ extrusion by the exchanger. By contrast, hair cells dialyzed with a pipette solution containing 3 mM Ca 2+ gave no measurable exchange current at ±70 mV (n = 3). Differently from ROS, Ca 2+ concentrations larger than 3 mM in the pipette caused hair cell death, possibly due to activation of Ca 2+ -dependent proteases (data not shown; see Martini et al., 2000) . To avoid cell death whilst ensuring the possibility of achieving (at least transiently) Ca capable of saturating the exchanger, we produced brief Ca 2+ jumps by the UV¯ash photolysis of two novel Ca 2+ caged compounds described in the Methods (Fig. 3, right panels) . In a typical experiment, cells were dialyzed with a solution containing 135 mM K + and 4 mM of a Ca 2+ cage (presaturated with Ca 2+ ). As shown in Fig. 3A (right) , a progressive photo-induced cytosolic Ca 2+ rise, promoted in ROS by a train of UV¯ashes delivered every 100 ms, evoked a transient outward current whose peak amplitude (initially very large: 260 T 40 pA in response to the ®rst¯ash; n = 6) progressively decreased, turning inward by the third¯ash (peak amplitude of the inward transient after the fourth¯ash: 30 T 5 pA; n = 6). The working hypothesis to explain this phenomenology (Moriondo et al., 2002) resembles the one formulated by Kappl et al. (2001) i -values, a sustained inward current develops. In hair cells (n = 7), besides brief electrical artifacts produced by the¯ash lamp, no current was elicited by the photolysis of either compound at V H = ±70 mV, even when the inter¯ash period was decreased to 75 ms (Fig. 3B, right) . In cells whose Ca 2+ current either ran down or was blocked by external Cd 2+ (n = 4), the [Ca 2+ ] i jump was also applied at V H = ±20 mV or +40 mV to maximize the putative outer conformational current and/or the inner exchange current. The recordings obtained under these conditions were similar to the one illustrated in Fig. 3B and therefore are not shown.
Discussion
The precise identity of the Ca 2+ clearance mechanism across the plasma membrane is still controversial. It has been proposed that, in turtle cochlear hair cells, Ca 2+ is cleared from its entry sites (clustered in hotspots) by basolateral Ca 2+ -ATPases rather than a Ca 2+ exchanger, besides being sequestered in the cisternae lining the cell lateral membrane (Tucker & Fettiplace, 1995) . In frog canal hair cells, lead acetate precipitation experiments indicated that Ca 2+ -ATPases are mainly located in the hair bundle, although limited staining of the cell basolateral membrane was also detected (Gioglio et al., 1998) . However, this technique is less sensitive and speci®c than antibody staining, so the possible contribution of basolateral Ca 2+ -ATPases might have been underestimated. Indeed, in the frog saccular hair cells, Yamoah et al. (1998) , found intense labelling of the hair bundles and a fainter labelling of the basolateral membrane, using confocal immuno¯uorescence microscopy with monoclonal antibodies against plasma membrane Ca 2+ -ATPases. Moreover, by screening saccular cDNA library and using immunocytochemistry and immunoprecipitation experiments, Dumont et al. (2001) demonstrated that the hair bundle possess an isoform of Ca 2+ -ATPase different from the one in the basolateral membrane. Finally, in guinea pig vestibular hair cells, a central role of ciliary Ca 2+ -ATPases was claimed by Boyer et al. (2001) . According to these authors, such ATPases would remove Ca 2+ entering the cell both through the transduction channels and through a novel L-type Ca 2+ channels, located in the kinocilium. However, the presence of a Ca 2+ exchanger is not de®nitely ruled out by the aforementioned results. Some reports even argue for the existence of a retinal type and a cardiac type exchanger in hair cells (Ikeda et al., 1992; Chabbert et al., 1995; Boyer et al., 1999) .
In isolated guinea pig ventricular myocites, a slow negative tail current following a depolarizing stimulus is believed to re¯ect Ca 2+ extrusion by Na + : Ca 2+ exchange (see, e.g. Fig. 4 in Hao et al., 1994) . Despite displaying a similar time-course, the small negative tail of the whole-cell current recorded in hair cells, under comparable voltage protocols, re¯ects instead the slow deactivation of R-type channels. This was demonstrated in experiments where, before and after blocking the L-type component by nifedipine (see, e.g. Fig. 4 in Martini et al., 2000 and Fig. 5 in Rispoli et al., 2001) , superimposable tail currents were recorded, despite the large difference of Ca 2+ loads (up to 70%). Examining the recordings obtained during run-up of L-type Ca 2+ current leads to a similar conclusion as, also in this case, tail currents obtained during the progressive increase (up to 50%) of the Ca 2+ load (see, e.g. Fig. 11A and B in Martini et al., 2000 and Fig. 4 in Rispoli et al., 2001) were virtually indistinguishable from controls.
Furthermore, hyperpolarization did not modify Ca 2+ clearance kinetics in any of the hotspots detected in the three hair cell types found in the crista ampullaris. Finally, no current was detected at different V H (from ±70 to +40 mV) when the forward or the reverse modes were tested, in the presence or in the absence of K + at the membrane side where Ca 2+ was present. Altogether, the results presented in this paper lead us to exclude the involvement of any sort of Ca 2+ exchanger in the homeostasis of [Ca 2+ ] i in frog canal hair cells.
Our diffusion kinetic studies showed that, upon entering the cell through voltage-gated channels, Ca 2+ proceeds evenly towards the cell interior with an apparent diffusion constant of approximately 57 mm 2 /s (Rispoli et al., 2001) . In the presence of effective extrusion and storage systems at the cell basolateral membrane, a different diffusion pattern would be expected, namely one whereby Ca 2+ remains substantially con®ned in the neighbourhood of the entry sites. Nevertheless, we cannot exclude that a fraction of Ca 2+ entering through voltage-gated Ca 2+ channels is extruded by basolateral membrane Ca 2+ -ATPases. If present, these pumps are unlikely to be electrogenic, otherwise their turnover rate would be voltage-sensitive (Hao et al., 1994) , whereas we found that the Ca 2+ clearance timecourse was negligibly affected by the voltage (Fig. 2 ; see also Eisenrauch & Bamberg, 1990; Tucker & Fettiplace, 1995) .
Irrespective of Ca 2+ -ATPases location and mode of operation, our experimental results, ruling out the activity of any electrogenic exchanger, indicate that Ca 2+ -ATPases represent the main route of Ca 2+ removal. As Ca 2+ entering the synaptic pole can be effectively shuttled by mobile buffers to the cell apex (Yamoah et al., 1998) , the functional implication of our experiments is that the [Ca 2+ ] i rise at the cell base serves both as a proximal determinant for synaptic transmission and as a distant negative feedback signal for the transduction apparatus.
